PRINCIPAL SCIENTIFIC WORK

University of Edinburgh
The award of a Rockefeller Fellowship offered Autar Paintal the opportunity of entry to a wider scientific community, and in 1950 he joined David Whitteridge's laboratory of physiology in Edinburgh. In that active research environment he flourished and faced the challenge of new techniques. He began an active interest in cardiovascular sensory mechanisms that he sustained for the next 54 years. Many of the earlier publications in the field of electrophysiology of thoracic afferents required the separation of reflexes by thermal inactivation of conduction in afferent fibres. In the Edinburgh laboratory he attacked the problem of cardiac afferent fibres much more directly by adopting and enhancing the single-unit methods of Whitteridge (1948) and Dickinson (1950) . This approach not only allowed the unambiguous attribution of afferent discharge in individual nerve fibres to normal physiological stimuli but also established the class of the afferent fibre. He drew on the experience of colleagues in the Edinburgh laboratory, particularly Jock (W. T. S.) Austin, a talented electronic engineer under whose tutelage he built a sophisticated electrophysiological laboratory (4)*. At the time, in the aftermath of the war, there were severe shortages of electronic components, and much of the laboratory had to be constructed from war-surplus armaments or made in house. He had already demonstrated in his MD studies (1) a talent for converting equipment to his needs and certainly had plenty of opportunity to deploy that aptitude both in Edinburgh and subsequently on his return to India.
Single-fibre sampling technique
Paintal's development of single-fibre dissection and electrophysiological techniques, as applied to the vagus nerve of the cat, enabled him to investigate the full spectrum of myelinated vagal afferent fibres, with conduction velocities in the range 2-59 m s ǁ1 , corresponding to myelinated axons ranging from 1 to 10 Ȗm in diameter (4) . The technical task of isolating and recording from single live afferent fibres, especially those with a small diameter, was a frustrating problem, partly resolved by techniques that allowed activity in a single axon to be extracted from multi-unit strands. One way of doing this was to use the decrease in electrical excitability of an axon during and after the passage of an orthodromic action potential that allowed him to identify which component of an evoked action potential corresponded to the active axon. The conduction velocity could then be calculated from the conduction distance and time of arrival of the relevant action potential at the recording electrode. The mean conduction velocities ranged from 10 to 36 m s ǁ1 , corresponding to myelinated afferent fibres with diameters in the range 1-12 Ȗm. With this technique he was able to examine afferents covering the full spectrum of myelinated axons innervating the heart and lungs, yielding after further work a categorization of pulmonary, aortic chemoreceptors and cardiovascular receptors (3).
Atrial receptors
An early reward for his efforts at correlating the discharge in his single vagal afferent units with the actual physical location of the sensory receptors was proving that the 'so-called pulmonary vascular receptors' of Whitteridge were actually mechanoreceptors in the walls of the atria (2). In so doing he vindicated Whitteridge's assertion that the use of sophisticated single-unit methods made conclusions about the physiological properties of the afferents 'a little less uncertain' (Whitteridge 1948 ). The 'so-called vascular receptors' that he renamed 'type B atrial' receptors were characterized by a discharge coincident with the v wave of the atrial pressure wave, and an absence of any discharge coincident with the a wave. The type B units had a late systolic burst of impulses that was enhanced by an increase in the venous return and diminished by positive-pressure inflation of the lungs. In a further development of his technique he used an open chest preparation that allowed him to manipulate changes in blood pressure in the heart and lungs. When the pulmonary artery was occluded there was a sustained increase in the discharge rate of the receptor; this increase was abolished by occluding the pulmonary vein, thereby preventing atrial filling. His coup de grâce was to clamp shut the pulmonary veins and the left arterio-venous junction and then inject saline into the isolated atrium. This manoeuvre led to a sustained discharge in the afferent fibre. He concluded that type B afferents are stretch receptors that respond during atrial filling, but not to intra-atrial pressure changes. The conduction velocities of the axons ranged between 8 and 29 m s ǁ1 . They were thin myelinated axons, 1-3 Ȗm in diameter; that is, they were among the thinnest of the vagal myelinated axons. Afferents with a discharge coincident with the a wave were already known to be atrial receptors and were classed by him as 'type A atrial' receptors so as to distinguish them from his new type B atrial receptors, which also had thin myelinated axons.
Pharmacology of vagal afferents
While in Edinburgh, Paintal explored the use of intra-arterially administered drugs as a way of further characterizing his afferent fibres, using veratrine, phenyl diguanide (PDG) and pituitrin, all drugs with known cardiovascular actions (5). Of particular interest was the reflex apnoea induced by PDG and 5-hydroxytryptamine (5-HT). The afferents had conduction velocities of 5-6 m s ǁ1 and had receptors in the walls of vessels between the great veins and the left atrium. The drug-induced reflex apnoea persisted after cooling the vagi to 2.5°C but was abolished by cutting the cervical vagi. However, no definite attribution to particular sensory receptors was possible.
Technical Development Laboratory, Kanpur: abdominal afferent fibres
In 1952 Paintal returned to India and took up a post in the Physiology Branch of the Technical Development Laboratory (TDL) at Kanpur, where he constructed an electrophysiological laboratory and continued his work on vagal afferents.
He had previously used PDG to examine thoracic vagal afferents and while looking for them discovered 'by serendipity' that there were as yet unexplored vagal afferents with receptors in the abdominal viscera (6). At TDL he set about characterizing these previously unknown afferents that were excited by injecting drugs into the abdominal aorta and thus were not in the thorax. Because he had previously measured the conduction velocities of two examples of these afferents, he did not attempt to measure their conduction velocities and assumed that they were about 9 m s ǁ1 . They later turned out to have predominantly non-myelinated afferent fibres. The PDG-sensitive fibres had receptors that were easily excited by gastric distension and he accorded them the role of signalling the state of gastric distension. He attributed function to them: 'It is believed that the gastric stretch receptors with their afferent connexions are responsible for the immediate satiation of hunger and thirst' (7). Other abdominal afferent fibres had receptors in the intestine walls, but not all could be excited by visceral distension.
Vallabhbhai Patel Research Institute, Delhi: deflation receptors
Paintal's next move in 1954 was to the post of Assistant Director of the Vallabhbhai Patel Research Institute at the University of Delhi. Here he took up the problem of the afferents that were 'the most slowly conducting and difficult to isolate as single units', with conduction velocities of about 6 m s ǁ1 . These new vagal afferents were found while searching with PDG for abdominal receptors. They were initially revealed by the injection of PDG into the right atrium, whence it would go to the vasculature of the lungs. The latency of the discharge after right atrial injection of PDG was 3 s and the response was enhanced by collapse of the lungs. The afferent discharges evoked by PDG disappeared if the collapsed lung was inflated, a property that led him to define these new afferents as 'true' deflation receptors (8). Having found some new receptors, he ascribed function to them, namely 'reflex respiratory acceleration (i.e. rapid shallow breathing)' that caused reflex respiratory inhibition when greatly stimulated by drugs. Furthermore, he considered that they were probably situated near alveoli.
United States of America
In 1956 he left Delhi and went first to the Physiology Department at the Albert Einstein College of Medicine, New York, and then to the University of Utah at Salt Lake City. In these new settings his interest turned to skeletal muscle afferent fibres. Two topics were empha-sized: (i) the intramuscular conduction time in muscle spindle afferent fibres, which led to the conclusion that they did not change their diameter in the spindle, and (ii) that there was no propagation of impulses in the non-myelinated part of the muscle stretch receptor (10). This conclusion led him to attribute excitability changes at the first node of Ranvier as the locus of action of drugs and also as the site of repetitive firing in spindle afferents. With C. C. Hunt he recorded the interaction of orthodromic and antidromic impulses in efferent fibres to muscle spindles. In these studies they coined the a name 'fusimotor neurones' for these specialized nerve cells. Together with Hunt he made an experimental attack on the spinal segmental organization of the system controlling the fusimotor neurons (to use the modern spelling) by exploring the properties that determine their reflex behaviour to inputs from primary afferent fibres or from supraspinal sources (9).
Paintal's visit to the USA was rounded off by a functional analysis of group III afferents in mammalian skeletal muscle, with emphasis on the thinner myelinated axons (1-4 Ȗm in diameter) but about which there was no published information based on single-fibre recording methods (11) . The basic search technique relied on locally applied pressure, to which most of these smaller myelinated receptors responded with a rapidly adapting discharge of impulses. They gave variable responses to tetanic contraction of the muscle, constant responses to asphyxia and were most effectively excited by the non-physiological injection of 6 NaCl solution. He called them 'pressure-pain' receptors.
All-India Institute of Medical Sciences
On taking up a Chair of Physiology at AIIMS in New Delhi on his return to India in 1958, Paintal renewed his attack on vagal afferent fibres. He re-examined the type B atrial receptors, paying particular attention in his instrumentation to the damping properties of the atrial pressure recording system so that it was suitable for recording atrial and ventricular pressure waves without distortion. He concentrated on type B receptors (13) with their characteristic late systolic burst of impulses and established that ventricular contractions did not in any way directly affect them. Using simultaneous recording of atrial and ventricular pressures he showed that the pattern of discharge was closely related to the ventricular wave peak pressure but also depended on whether the atrial pressure was rising or falling. He concluded that ventricular contraction influences the type B receptors indirectly by varying the venous return and that the 'adequate stimulus' for the type B endings was the pulsatile increase in atrial volume, which in turn was reflected in the amplitude of the v wave, thus discounting Langrehr's (1960) view that type B activity was induced by ventricular contraction.
Afferent fibre sampling technique
H. S. Gasser in 1950, using the newly available electron microscope, had shown that the nonmedullated axons in peripheral nerve ranged in diameter from 0.2 to 1.0 Ȗm and that they generated the C wave in the compound action potential (Gasser 1950 ). These C axons in the vagus greatly outnumbered the myelinated axons (by 21 000 to 3000), and improvements in the single fibre dissection and recording techniques had rendered them accessible to single-fibre recording techniques. As Paintal wrote in 1963, the accessibility of these more numerous nonmedullated axons 'opens up a practically unexplored field for future work' (12). He quickly took up the challenge and began with a sustained analysis of the effects of nerve temperature on conduction through a cooled region of nerve; he concluded that there was no correlation between axon diameter and conduction block for single impulses in myelinated axons (14).
However, when there was a train of impulses, nerve temperature could significantly influence impulse conduction. A good example was provided by Head's paradoxical reflex, which was originally explained (Head 1889) by inventing different sets of afferent fibres. The paradoxical reflex could in fact be accounted for by the effect of temperature on conduction through the cooled nerve (9-11°C) of impulses in pulmonary inflation fibres. The inter-inspiratory afferent discharge at low frequency would continue, whereas the normal high frequency during inspiration would be blocked. At 8-5°C the inflation reflex reappears because the total number of fibres active during inflation is greater than are active before inflation. Below 5°C all the pulmonary inflation fibres are blocked and reflex responses are abolished.
The acceptance of the accessibility of non-myelinated axons by his single-fibre technique (16) gave Paintal a renewed interest in the functions of receptors with slowly conducting afferent fibres. In this reassessment of vagal visceral afferents, the type J receptors and the aortic chemoreceptors turned out to include many with non-myelinated afferent fibres, along with most vagal gastrointestinal afferents in cats.
Vallabhbhai Patel Chest Institute
Autar Paintal returned to the Vallabhbhai Patel Chest Institute on his appointment as Director in 1954 and began a renewed attack on the cardiovascular afferents, including those with the thinnest axons, namely those with non-medullated axons.
Aortic chemoreceptors
First to be studied were the aortic chemoreceptors (15, 16); his samples included both myelinated and non-myelinated axons. The thresholds for activation with gas mixtures were between 100 and 140 mmHg, which he calculated gave an arterial blood partial pressure of oxygen (p O 2 ) of less than 95 mmHg as threshold. All the sensory endings were in the walls of aortic vessels. To account for the mechanism of operation of the chemoreceptors he advanced a mechanical hypothesis. In essence, a decrease in p O 2 was detected by a distally located p O 2 sensor that caused a suitable physical change in the generator region of the receptor. This generator current in turn produced action potentials at the spike initiation site of the receptor. In other words, Paintal concluded that the aortic bodies were mechanoreceptors.
Type J pulmonary receptors
These, 'by serendipity', were found while studying vagal gastrointestinal receptors-themselves the result of similar good fortune. Initially they were revealed by the injection of PDG, a familiar tool in Paintal's armoury. When first found in 1955 (8) he called them deflation receptors, but now that the non-myelinated afferent fibres had yielded to him they became known as type J receptors, 'juxta-pulmonary capillary receptors'(17). The natural stimulus for type J receptors seemed to be pulmonary congestion, and he hypothesized that the nerve endings lay in interstitial tissue of the pulmonary capillaries and were stimulated by an increase in interstitial volume or pressure. The endings were normally silent at rest, one of the reasons why they had remained unknown for so long. They adapted slowly to direct mechanical stimulation. With A. Anand (19) he showed that J receptors must be stimulated by moderate exercise to levels that cause marked respiratory effects and the inhibition of skeletal muscles. They estimated that the excitation of J receptors by 10-12 mg of PDG was equivalent to a 133% increase in blood flow through the lungs, in turn equivalent to the effect of moderate exercise. In common with other visceral sensory receptors, the type J receptors were excited by a vari-ety of substances: PDG, of course, because it had led initially to their discovery, and also 5-HT, nicotine, urethane and volatile anaesthetic. The administration of these compounds might yield a variety of non-physiological responses. By reflex the excitation of type J receptors with PDG caused apnoea, hypotension and bradycardia. The responses of J receptors are enhanced in pulmonary oedema (21).
Visceral sensation
With the successful achievement of characterizing and tabulating the physiological properties of thoracic and abdominal receptors with afferent fibres in the vagi (18), Autar Paintal could now turn his attention to visceral sensations, although he had always had this in mind. As he wrote, 'Interest in visceral sensations has lagged behind the interest in the detailed study and analysis of the pattern of flow of sensory impulses in the nerve fibres' (20). He took on the task of reviewing current knowledge on sensory mechanisms in their various modes, such as breathlessness in exercise, and satiation of hunger and thirst. In large part his own published work had shown the utility of pharmaceuticals in characterizing visceral sensory receptors, and he proceeded to use similar techniques to evaluate visceral sensation. Lobeline, which stimulated his type J receptors in cats, when tested in human subjects aroused sensations of substernal burning and discomfort and of coughing that he could attribute to the excitation of type J receptors (22) . Similarly the cough, pain in chest and breathlessness associated with high-altitude pulmonary oedema (HAPO) could be attributed to the activation of type J receptors (20), as also could sensory changes in patients with congested lungs or after lung transplantation (23). Other vagal afferents whose sensory role he considered were the gastric stretch receptors that gave a sustained discharge on distension of the stomach. He suggested that they were ideally suited for generating the sensation of the immediate satiation of hunger and thirst after a meal. The general conclusion reached was 'Thus, it is not necessary to postulate the existence of specific nociceptors to account for visceral pain which results from adequate (but not necessarily intense) activity in non-nociceptive receptors, as shown in the case of J receptors by the effects of lobeline and HAPO, provided the normal pain-blocking mechanisms are absent (e.g. those generated during exercise)' (20).
EPILOGUE
Autar Paintal had many scientific friends who benefited from collaboration with him in his laboratory, both his immediate scientific colleagues in Delhi who began or developed their research careers under his tutelage and also his circle of international colleagues. The latter especially appreciated his generous personal hospitality, sometimes involving his passion for jaunts in his boat on the Yamuna River, visits to restaurants in Old Delhi, or international scientific meetings that he master-minded in Kashmir, among other places. He died full of years and honours in 2004.
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